CHAPTER 5

Expert Systems Applied to
Spacecraft Fire Safety

Richard L. Smith and Takashi Kashiwagi

Expert systems are problem-solving programs that combine a knowledge base and
a reasoning mechanism to simulate a human “expert.” The development of an
expert system to manage fire safety in spacecraft, in particular the NASA Space
Station Freedom, is difficult but clearly advantageous in the long term. The report
discusses some needs in low-gravity flammability characteristics, ventilating-flow
effects, fire detection, fire extinguishment, and decision models, all necessary to
establish the knowledge base for an expert system.

This chapter is a general description of expert-system programs, to describe
their unique application in meeting the needs of fire safety in spacecraft, in
particular the future NASA Space Station Freedom [1-3].

An expert system is a computer program that solves real-world problems whose
solution would normally require a human expert [4-7]. Assume you are in com-
munication with a fire-safety expert by the use of a terminal. You type in your
questions to him; he in return may ask you questions before he gives you his
advice. The quality of his advice is what makes him an expert. If you cannot tell
whether you are communicating with a human expert or with a computer running
an expert system, the computer program qualifies as an expert system. Normally
the domain of discourse must be restricted to a particular field of expertise.

This chapter explains expert systems in terms of their feasibility for develop-
ment as autonomous intelligence for fire safety in Freedom. A second section of
the article discusses the current problems in fire prevention, detection, and control
in space, as a preliminary assessment of the presence and absence of expert
knowledge in these fields.

In gross terms, an expert system program consists of two major components: a
knowledge base and a reasoning mechanism that processes this knowledge to
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EXPERT SYSTEMS FOR SPACE STATION
FREEDOM FIRE SAFETY

Feasibility

The type of expert system best suited for a space station would be an autono-
mous system with integrated sensing, computing and controlling functions,
installed within the station [11]. The system would monitor sensors in the station,
to be informed of the current status of the station as it related to fire safety. It
would also have the capability to fight the fires or to take any appropriate action in
dealing with a fire. The expert system would thus act as an advisor to humans who
are either aboard the station or are elsewhere, recognizing potential fire situations
and their control. However, in uninhabited space compartments, the system would
operate on its own.

In adapting expert systems to meet fire-safety needs in the future U.S. Space
Station Freedom, clearly one must deal with some very difficult problems.
There are no human experts, recognized as knowledgeable in low-gravity fire
conditions, at least comparable to those with expertise in building-fire controls.
The development of a fire-safety expert system for Freedom will be slow,
costs will be high, and scheduling will be a problem. In addition, the extreme
level of required reliability will be an impediment to the development of the
system [12].

Nevertheless, Freedom has some unique features that encourage the develop-
ment of an expert system. As a one-of-a-kind assembly, the physical dimensions
of the structure and the materials used will be known. Because of the well-defined
structure, one can install smart detectors and a fast extinguishing system in the
structure. In addition, there is on-going research on expert-system techniques to
provide autonomous operation and mairtenance for at least one subsystem in
Freedom [11]. The development of a fire-safety expert system can benefit from
this research interest and support, and the fire-safety expert system may share
existing computer hardware in the space station.

Development Plan

An expert system is normally developed by first using the expertise of only one
expert. This facilitates the evaluation of the performance of the computer program
and the collection of knowledge. Later, the expertise of other experts can be added
to the program.

A suggested method to develop an expert system for Freedom is shown
schematically in Figure 1. The flow chart steps are, in brief:

1. Select an expert who will be used as the human expert for the development
of the first expert system program.
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Figure 1. Representation of development of an expert system.

2. Select a small consulting group of human experts who will evaluate the
performance of the initial program and provide additional expertise so that
the program can be improved.

3. Determine the reasoning methodology of the original expert and produce an
initial expert system.

4. From the previous step, identify serious knowledge gaps that should be
filled so the program can perform up to expectations.

5. Have a group of experts review the previous two items and develop a
consensus for a prototype program.

6. Continue development of the prototype program until its performance is
equal to that of the initial expert.

7. Add the knowledge of the group until the program can perform better than
any individual member of the group.

8. Continue the development of the working system even after it is deployed,
by modifying its knowledge base as new knowledge and operating experi-
ence are acquired.
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FIRE SCIENCE FOR THE SAFETY OF
SPACE STATION FREEDOM

General Overview

The unique nature of the fire-safety problem in Freedom is discussed in this
section. Here we suggest an initial analysis of the fire problem for Freedom and
the strategy for dealing with fires in the station. This type of analysis would serve
as the starting point for an expert system. In the process of developing an expert
system, this analysis would be expanded, refined, and modified.

Information on fire behavior in the low-gravity environment of space is very
limited, but it is logical to assume that this behavior is significantly different from
that commonly observed in normal gravity [3]. While this lack of basic knowledge
complicates the study of spacecraft fire safety, in a sense, the fire-safety problem
is well defined. As already mentioned, the fire model for Freedom deals with
only a few internal geometric configurations compared to the almost limitless
numbers for building configurations. Another important feature is that contents
and their location are well specified for Freedom compared to buildings. This
allows a detailed, scientific fire-safety study of Freedom to be feasible. Also such
a study is desirable for the safety of the crew (no possible immediate evacuation
from the station) and is cost effective due to the extremely high program costs
of Freedom.

Since there is no possibility of immediate escape of the crew from Freedom, the
protection of crew members is the essential element of fire safety in the spacecraft.
The second necessity is the preservation of the spacecraft structure if a fire occurs,
While these two goals are no different than those of fire safety for buildings in a
normal-gravity environment, structural preservation is sometimes compromised
in buildings in order to control fires. For this reason, the early detection of fire and
its subsequent rapid suppression should be the key points of emphasis for the fire
safety of Freedom. The crucial requirement is to keep the fire as small as possible
and to extinguish it as soon as possible. Suggested approaches to satisfy these
requirements are discussed in the next section. If, unfortunately, the fire cannot be
contained in an early stage, a drastic measure to suppress the fire is needed, and
this approach is also discussed briefly in the next section.

Early Fire Detection in Space

Various scenarios may be proposed for fires initiated from different sources in
Freedom. One such scenario could be a fire initiated from polymeric materials or
fluids heated by an accidental local surge in electric power; another could be a fire
initiated from an accident in an onboard scientific experiment.
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The early detection of a fire caused by an accidental overloading, short circuit,
or overheating of an electric device appears to be more difficult in a low-gravity
environment than in a normal-gravity environment. The optimum locations of fire
detectors are not readily defined in a low-gravity environment due to the lack of a
buoyancy-induced upward flow. The flow motion in the spacecraft is determined
mainly by a ventilation flow (flow speed of a few centimeters per second) instead
of a buoyancy-induced flow. Since the locations and flow rates of vents and the
geometrical configuration of the inside of Freedom will be well-specified, calcula-
tion of the three-dimensional detailed flow distribution driven by the ventilation
inside the modules is feasible, using commercially available engineering codes as
a first step [13). Besides this overall flow calculation, a flow-pattern calculation
inside various electronic cabinets, each with its own ventilation, is needed to be
able to predict flow patterns of early fire products. These flow patterns can be used
to predict two important aspects of fire behavior. One is the spatial distribution of
fire products in the spacecraft using data on the generation rates of these products;
the other is the possible fire growth in an electric cabinet and also in the general
space-station volumes using the information on material flammability charac-
teristics. The optimum locations of detectors for early fire detection can be
strategically identified from the flow patterns and potential high-risk fire areas.
Furthermore, it should be possible to determine the location of fire from the
observed pattern of activated detector locations. The complexity of these calcula-
tions and the need for real-time response dictate the storing of a library of
precomputed and validated results.

The selection of the type of detector sensors is crucial not only to detect fire as
early as possible but also to avoid false alarms. The use of a combination of
different types of sensitive detectors at various locations might provide useful data
as an input to an alarm/no alarm algorithm (rules, decision). The algorithm would
contain information from the calculated flow patterns both in the electronic
cabinets and in the general spacecraft volumes and it could make a decision
whether the detected “fire” is real or false based on the flow pattern applied to the
location and type of the activated detectors.

The use of different types of detectors, spatially distributed detectors, and a
decision algorithm is aimed at reducing false alarms as much as possible without
sacrificing the capability of early fire detection. However, information on fire
products is needed for the selection of detector sensors. For example, it is known
that an ionization detector is more sensitive to small particulates (< 0.3 um) but a
light-scattering detector is more sensitive to large particles (> 0.3 pm). It is not
clear what sizes of particulates are formed from a fire in a low-gravity environ-
ment. Smoldering, pyrolysis, and localized flaming are possible in the early
phase of a fire. In a normal-gravity environment, particulates generated from
smoldering and pyrolysis tend to be condensed liquids and to be larger than those
generated from flaming of the same material. An electrochemical CO detector and
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a flame-ionization detector can be used in combination with a particle-sensitive
detector. If quantitative characterization of the generation of the products from
smoldering, pyrolysis, and small flames of polymeric materials appropriate for
spacecraft is made, the concentration and size distribution of particulates and also
concentrations of CO and other gases can be calculated at various positions in the
spacecraft by combining the material-products characteristics with the above flow
calculation. The products from smoldering and pyrolysis may not be sig-
nificantly affected by gravity, but those from small flames might be. Extensive
studies are needed to obtain the relationship between the fire products in a
low-gravity environment and those in a normal-gravity environment. The calcu-
lated concentration distribution in both electronic cabinets and in the general
spacecraft volumes will provide detailed information for the selection of the
strategic locations of detectors and also for threshold criteria of toxic hazards for
the crew. This information can also be used for the determination of the best
selection of the crew’s evacuation route and method (stay near the floor or float
near the ceiling).

The screening of polymeric materials which are going to be used in Freedom
can contribute significantly to the fire safety of Freedom. Although it is generally
considered that polymeric materials are less flammable in a low-gravity environ-
ment than in a normal-gravity environment (there are limited experimental data
[14, 15)), more studies are needed to obtain quantitative relationships between the
two different gravity environments. As discussed above, knowledge of the charac-
teristics of smoldering, pyrolysis, ignition, and flame spread of the polymeric
materials is important in order to predict fire behavior. Thus, low-gravity flam-
mability tests should be used not only for screening of the materials but also to
measure quantities useful for predicting fire scenarios. The measured material-
flammability characteristics should be stored in the algorithm for early fire detec-
tion and fire growth analysis, as described above. Products distribution (particu-
lates, CO, CO2, total hydrocarbons, acutely toxic gases such as HCN, HCL
and acrolein) and their generation rates should be measured under smoldering,
pyrolyzing, and small flaming modes.

Fire Suppression in Space

After the detection of a fire, rapid suppression of the fire is essential. As
discussed above, an early fire may be in one of the possible modes of smoldering,
pyrolyzing, or small flaming for polymeric materials (cables, insulation materials,
papers and so on) or fluids. The suppressant must suppress (extinguish) the three
types of fire modes. The present Shuttle extinguishing agent, a halogenated
hydrocarbon or halon [1, 3], is recognized as an excellent extinguisher for the
flaming-fire mode, but it is less effective for the other two types. Furthermore, the
use of halons raises questions of the toxic and corrosive nature of their reaction
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products in flames. A fine water spray is effective for the extinguishment of the
flaming-fire mode, but its effectiveness for the other two modes in a low-gravity
environment is questionable due to the low sticking efficiency of water droplets
onto a smoldering or pyrolyzing surface. Furthermore, the moisture concentration
in the atmosphere could become higher with the use of water, which tends to
increase corrosivity of metals by fire products, and cleaning of this excess water
after the fire might be a problem.

A promising concept for a fire suppressant for space is a fire-extinguishment
foam generated with compressed nitrogen. The foam should have a good sticking
nature on the surface in a low-gravity environment (however, apparently little is
known about the performance of foams in low gravity), and also it is an effective
extinguishing agent for all three fire modes. Furthermore, the total mass of liquid
is so small that cleaning after the fire is relatively simple. The foam must have a
very high dielectric constant to avoid any shorts in electronic devices. Many small
cans of the foam extinguishers (like a shaving cream) can be strategically installed
at potential fire-hazard areas for use as portable fire extinguishers or as fixed
extinguishers to be actuated remotely to fill up the designated compartment.
Information regarding the relationship between the amount of the foam and an
extinguishable fire size would be needed to test the plausibility of this approach.
Since fire behavior at low gravity is poorly understood, its suppression requires
imaginative and thorough development.

Drastic Measures

If the above fire-fighting tactics fail and a fire becomes large enough to threaten
the safety of the crew or the integrity of the spacecraft, some drastic measure is
needed to extinguish the fire as quickly as possible. The best approach appears to
be venting the module to the outside vacuum of space as described below. Here it
is assumed that the module is compartmentalized and can be vacuum tight. It is not
necessary to reduce the pressure to vacuum levels but only to a low total pressure
sufficient to ensure that the remaining oxygen quantity (partial pressure) in the
environment cannot sustain any fire. While inert-gas pressurization has been
investigated for extinguishment of difficult fires in confined compartments in
submarines [16], venting to space is much faster than inerting and does not require
a large quantity of inert gas storage. Also, when venting is employed, there is no
need to provide the extra structural weight required to deal with the problem of
over-pressurization of the spacecraft structure. Halons could be also used for this
stage of a fire, but there might be some serious reservations due to possible toxic
and corrosive natures of halon-flame reacted compounds. Although venting might
increase or transfer fire momentarily along the flow to the venting opening {3],
the rapid decrease in pressure in the module should suppress the fire quickly.
Another advantage of venting is the rapid dilution of harmful by-products in the
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atmosphere; hence, halons or water may be used for control of difficult fires
followed by venting to avoid the deleterious effects of these extinguishants on the
atmosphere. One disadvantage of venting is that the vented products may coat the
outside surface of windows of the spacecraft with deposits; this might hinder
certain scientific experiments. This problem has been experienced with normal
waste-product venting and micrometeorite etching in the Soviet space-station
program [17]. Potential solutions include retractable transparent covers. Obvi-
ously, the consequences and benefits of suppression by venting to vacuum needs
a thorough analysis.

Another important decision is under what conditions drastic venting is to be
applied. The decision should be based on the safety of the crew and the structural
integrity of the space station. CO concentrations, temperatures, pressure, and other
properties that relate to the safety and the structural integrity should be considered
as indicators to constitute a decision algorithm regarding venting. This algorithm
should include possible fire scenarios and calculated potential fire-growth his-
tories based on fuel loading and material flammability characteristics. The
approach to a lethal CO concentration level or maximum temperature and pressure
levels should be used as one criterion for the venting decision in the algorithm.
Therefore, the algorithm can be one large code that includes the results of flow-
pattern calculations in electronic cabinets and in the general spacecraft volumes,
the decision analysis on early fire detection, the collection of CO concentrations,
temperatures and other properties, and finally the decision analysis on the actua-
tion of venting.

CONCLUDING REMARKS

This report explores the capabilities of expert-system programs in their appli-
cation to fire-safety management in future spacecraft, a new role for these
programs. The concept and development of expert systems are briefly described.
The goal of this review is the assessment of expert systems for autonomous and
crew-assisted fire-safety management in the NASA Space Station Freedom, now
under design.

Although the development of an expert system for spacecraft fire safety can be
very costly and time-consuming, this application has clear advantages in safety
operations. What is lacking at present is an adequate knowledge base to simulate
that of a human “expert.” This report thus includes a discussion of fire-safety
problems in spacecraft. From these findings, it is possible to identify some impor-
tant elements of new knowledge or capabilities needed to establish an expert-
system program for Freedom. These items are, in summary:

1. Determination of flammability characteristics of combustible materials in
the low-gravity environment of Freedom
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2. Development and validation of the ventilating and exhaust-flow calcula-
tions in electronic cabinets and in the general module volumes
3. Determination of the generation rate and characteristics of fire products
from smoldering, pyrolysis, and small flaming of polymeric materials in a
low-gravity environment
. Development of new detectors, such as a highly selective CO detector
. Development of new fire extinguishers, such as foams, and determination of
their properties and extinguishment characteristics
6. Development of an algorithm or algorithms to make the decision as to a
false alarm or a real fire from the collection of CO concentrations, tempera-
tures, and other properties, and to make the decision of the venting based on
the stored possible fire-growth histories

[V

Like a person entering a new field or discipline, a program on its way to
becoming an expert program will start as a novice. If it continues its development,
it eventually becomes an expert. Just as an apprentice can help the journeyman, an
apprentice expert system will be of significant value, and a journeyman expert
system will be of even greater value. Thus we see the evolution of a series of
expert systems that will be of great value in their domain of interest to Space
Station Freedom. Each of these programs will improve the quality of the decision-
making of the human expert that it aids.
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